Abstract The n-3 polyunsaturated fatty acids (PUFAs), EPA and DHA, as well as estrogen have been shown to decrease circulating levels of triglyceride (TG), but their underlying mode of action is unclear. The purpose of this study was to determine the effects of n-3 PUFA consumption and estrogen injection on TG metabolism. Rats (n = 48) were fed a modified AIN-93G diet with 0, 1, or 2 % EPA ? DHA relative to the total energy intake during 12 weeks. At 8 weeks, rats were ovariectomized (OVX), and after a 1-week recovery, rats were injected with either 17b-estradiol-3-benzoate (E 2 ) or corn oil for the last 3 weeks. The n-3 PUFA consumption and E 2 injection independently decreased the hepatic expressions of sterol regulatory element-binding protein 1, acetyl-CoA carboxylase 1, fatty acid synthase (FAS), and diacylglycerol acyltransferase 2 (DGAT2) (P \ 0.05). There were interactions between n-3 PUFA consumption and E 2 injection on hepatic expression of FAS and DGAT2. In addition, n-3 PUFA consumption and E 2 injection upregulated the expression of AMP-activated protein kinase (AMPK), phosphorylated AMPK, peroxisomal proliferator-activated receptor a, and carnitine palmitoyltransferase 1 in liver and skeletal muscle. E 2 injection increased the expression of estrogen receptor a and b in skeletal muscle and liver, but n-3 PUFA consumption increased the expression of both receptors only in skeletal muscle. The present study suggests that the hypotriglyceridemic effects of n-3 PUFA consumption and E 2 injection could be due to the down-regulation of hepatic TG synthesis and upregulation of TG oxidation in liver and skeletal muscle in OVX rats.
Introduction
Hypertriglyceridemia is a risk factor for clinical disorders including cardiovascular disease, stroke, type 2 diabetes mellitus, and metabolic syndrome (Bayturan et al. 2010) . Studies have shown that lifestyle modification such as weight reduction, lower intake of saturated fatty acids, and higher intake of fish oil can decrease blood triglyceride (TG) concentration (Chapman et al. 2011; Jimenez-Gomez et al. 2010) . In particular, a meta-analysis of clinical trials suggested that supplementation of n-3 polyunsaturated fatty acids (PUFAs) eicosapentaenoic acid (EPA; 20:5, n-3) and docosahexaenoic acid (DHA; 22:6, n-3), which are rich in fish oil, reduces blood TG levels (Eslick et al. 2009 ).
It has been suggested that hypotriglyceridemic mechanisms of n-3 PUFAs could be due to the reduction in TG synthesis and the increase in TG clearance. In several studies, n-3 PUFA supplementation suppressed the synthesis of fatty acids and TG by reducing hepatic expression of the sterol regulatory element-binding protein 1 (SREBP1), acetyl-CoA carboxylase 1 (ACC1), fatty acid synthase (FAS), and diacylglycerol acyltransferase 2 (DGAT2) (Lu et al. 2011; Sekiya et al. 2003; Harris and Bulchandani 2006) . Additionally, n-3 PUFA supplementation accelerated b-oxidation by increasing expression of peroxisome proliferator-activated receptor (PPAR) a, carnitine palmitoyltransferase 1 (CPT1), and adenosine monophosphate-activated protein kinase (AMPK) in liver and/or skeletal muscle (Gonzalez-Manan et al. 2012; Hardie et al. 2012; Suchankova et al. 2005) .
Similar to n-3 PUFA supplementation, estrogen treatment has been reported to have a hypotriglyceridemic effect. Previous studies showed that an ovariectomy procedure in rats caused hypertriglyceridemia (Hassan et al. 2013 ) and, in a human study, circulating TG concentrations were higher in postmenopausal than pre-menopausal women (Furusyo et al. 2013) . Additionally, an estrogen injection prevented TG accumulation in liver and muscle of ovariectomized (OVX) mice by reducing fatty acid synthesis, increasing b-oxidation by down-regulating ACC1 and FAS, and up-regulating AMPK (D'Eon et al. 2005; Gorres et al. 2011) . However, the effects of E 2 are unknown in regard to hepatic TG synthesis. Stark and Holub (2004) reported that supplementation with n-3 PUFA had a hypotriglyceridemic effect in postmenopausal women who were receiving hormone replacement therapy. This result suggests an interaction between n-3 PUFA and estrogen. However, there are no studies elucidating underlying mechanisms of the interactions between n-3 PUFA supplementation and estrogen injection in relation to TG reduction. The purpose of this present study was to determine the interactions between n-3 PUFA supplementation and estrogen injection on TG synthesis and breakdown in OVX rats and, furthermore, the mechanism of this synergistic relationship.
Materials and methods

Animal and experimental design
The experimental protocol was approved by the Institutional Animal Care and Use Committee of Hanyang University (HY-IACUC-12-076). Three-week-old female Wistar rats (Jung Ang Lab Animal Inc., Seoul, Korea) were housed individually in ventilated cages in an air-conditioned room maintained at 22 ± 1°C with a relative humidity of 47 ± 1 % and 12-h light-dark cycle.
After 1 week of acclimation, 48 rats were randomly assigned to one of three isoenergetic modified American Institute of Nutrition (AIN)-93G diets with 0, 1, or 2 % EPA ? DHA for 12 weeks (n = 16 per diet). AIN-93 G diet was made with fish oil containing EPA ? DHA (3:2 ratio) and grape seed oil instead of soybean oil which contained 18:3n-3. Diets contained t-butylhydroquinone as an antioxidants and were sterilized by radiation. Table 1 shows the composition of the diet and fatty acids. The diet was provided as food pellets with fresh tap water ad libitum.
At week 8, rats were surgically ovariectomized under anesthesia using a combination of Zoletil (0.25 mg/kg; Carros, France) and Rompun (10 mg/kg, Bayer Korea, Gyeonggi-do, Korea). From 1 week after ovariectomization, rats (n = 8 per group) were randomly assigned to groups injected with either 17b-estradiol-3-benzoate (E 2 ) or the vehicle only (corn oil; Sigma-Aldrich, St. Louis, MO, USA) for the last 3 weeks of the study; the six groups were: 0 % EPA ? DHA diet with corn oil injection (0 % n-3), 0 % EPA ? DHA diet with E 2 injection (0 % n-3 ? E 2 ), 1 % EPA ? DHA diet with corn oil injection (1 % n-3), 1 % EPA ? DHA diet with E 2 injection (1 % n-3 ? E 2 ), 2 % EPA ? DHA diet with corn oil injection (2 % n-3), and 2 % EPA ? DHA diet with E 2 injection (2 % n-3 ? E 2 ). Every four days, 1 mL of corn oil with or without 10 lg of E 2 was subcutaneously injected to mimic the rat's estrus cycle.
Body weight was measured weekly and dietary intake was measured daily for 12 weeks. At the end of experiment, the rats were fasted overnight and euthanized with Zoletil (25 mg/kg) and Rompun (10 mg/kg). Blood samples were collected, and serum and plasma were obtained after centrifugation. Organs were harvested, rinsed with saline, and weighed. Blood and tissue samples were stored at -80°C until analysis. Friedewald et al. (1972) . Hepatic lipid was extracted using the method of Folch et al. (1957) . Hepatic content of TG and TC was measured using a commercial kit (Asan Pharmaceutical Co., Hwaseong, Korea).
Analysis of fatty acid composition
The fatty acid composition of serum was measured as previously described (Harris et al. 2013) . Serum was methylated with boron trifluoride-methanol-benzene (Sigma-Aldrich, St. Louis, MO, USA) at 100°C for 45 min. Fatty acid methyl esters were analyzed by gas chromatography (Shimadzu 2010AF; Shimadzu Scientific Instrument, Kyoto, Japan) with a 100-m SP2560 capillary column (Supelco, Bellefonte, PA, USA). Fatty acids were identified by comparison with standards (GLC-727; NuCheck Prep, Elysian, MN, USA). Every batch was analyzed with a quality control sample, and the coefficient of variation was 2.9 %.
Western blot analysis
Liver and skeletal muscle tissues were homogenized in icecold lysis buffer (20 mM HEPES, 0.25 M sucrose, 0.5 mM EDTA, 2 mM dithiothreitol, 1 mM PMSF, 10 lg/mL leupeptin, 10 lg/mL aprotinin, and 1 mM Na 3 VO 4 , pH 7.5) including a phosphatase inhibitor cocktail tablet (Roche Life Science, Basel, Switzerland). The homogenates were centrifuged at 20,0009g (Eppendorf, Hamburg, Germany) for 60 min at 4°C. The supernatants were collected as cytosolic fractions; the pellets were re-suspended in Table 2 Dietary intake, body weight, and various organ weights 0 % n-3 1 % n-3 2 % n-3 0 % n-3 ? E 2 1 % n-3 ? E 2 2 % n- Visceral fat weight (g) 4.13 ± 0.18 4.68 ± 0.33 4.51 ± 0.29 2.81 ± 0.17* 2.80 ± 0.14* 2.71 ± 0.16* Uterus weight (g) 0.09 ± 0.00 0.09 ± 0.00 0.09 ± 0.00 0.40 ± 0.01* 0.40 ± 0.01* 0.41 ± 0.01* Values are mean ± SEM; 0, 1, and 2 % n-3, 0, 1, and 2 % EPA ? DHA diet with corn oil injection; 0, 1, and 2 % n-3 ?E 2 , 0, 1 and 2 % EPA ? DHA diet with 17b-estradiol-3-benzoate injection * Values are significantly different (P \ 0.05) between corn oil and E 2 injection for diets containing the same amount of n-3 PUFA Table 3 Serum lipid profile and hepatic lipid contents Values are mean ± SEM; 0, 1, and 2 % n-3, 0 % 1 %, and 2 % EPA ? DHA diet with corn oil injection; 0, 1, and 2 % n-3 ? E 2 , 0, 1 and 2 % EPA ? DHA diet with 17b-estradiol-3-benzoate injection * Values are significantly different (P \ 0.05) between corn oil and E 2 injection for diets containing the same amount of n-3 PUFA Values are significantly different (P \ 0.05) among 0, 1, and 2 % n-3 within the corn oil-and E 2 -injected groups
Values are significantly different (P \ 0.05) between 1 % and 2 % n-3 within the corn oil-and E 2 -injected groups 250 lL of lysis buffer with 1 % (v/v) triton X-100 and then centrifuged at 20,0009g (Eppendorf, Hamburg, Germany) for 30 min at 4°C to obtain nuclear fractions. The protein concentrations of each fraction were determined by the Bradford method using bovine serum albumin (Bio-Rad, Hercules, CA, USA) as a standard. Aliquots of the lysates (30-80 lg of protein) were separated on an 8 % SDS-PAGE gel, transferred to a polyvinylidene fluoride membrane (0.45 lm, Merck Millipore, Billerica, MA, USA), and blocked for 1 h at room temperature with 5 % skim milk in Tris-buffered saline containing Tween-20 (TBST). After blocking, the membranes were incubated overnight with a primary antibody SREBP1 (1:1000), PPARa (1:1000), CPT1a (1:1000), estrogen receptor a (ERa; 1:500), ERb (1:500), ACC1 (1:1000), FAS (1:1000), AMPK (1:1000), phosphorylated AMPK (p-AMPK; 1:1000), signal transducers and activators of transcription 3 (STAT3; 1:1000), phosphorylated STAT3 (p-STAT3; 1:500), DGAT2 (1:200), and CPT1m (1:100) in TBST at 4°C. The antibodies for SREBP1, PPARa, CPT1a, ERa, and ERb were purchased from Abcam (Cambridge, UK). The antibodies for ACC1, FAS, AMPK, p-AMPK, STAT3, and p-STAT3 were purchased from Cell Signaling Technology (Beverly, MA, USA), and those for CPT1m and DGAT2 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). After rinsing in TBST, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit (1:10,000, Cell Signaling Technology, Beverly, MA, USA) or anti-mouse IgG (1:5000, Enzo Life Science, Farmingdale, NY, USA) for 1 h at room temperature. The membranes were reacted with a chemiluminescence kit (GE Healthcare Life Sciences, Piscataway, NJ, USA), and immunoreactive bands were visualized using the UV setting on a ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA) to estimate total protein per lane. b-Actin (1:1000, BD Transduction Laboratories, NJ, USA) was used for normalization.
Statistical analysis
Values were expressed as the mean ± standard error of the mean (SEM), and differences were considered significant at P \ 0.05. Data were analyzed using a two-way analysis of variance (ANOVA) with factors of n-3 PUFA supplementation and E 2 injection, followed by Duncan's post hoc test. Analysis was done using SPSS for Windows, version 18.0 (SPSS Inc., Chicago, IL, USA). Values are mean ± SEM; 0, 1, and 2 % n-3, 0, 1, and 2 % EPA ? DHA diet with corn oil injection; 0, 1, and 2 % n-3 ? E 2 , 0 % 1 %, and 2 % EPA ? DHA diet with E 2 injection PUFA polyunsaturated fatty acid, SFA saturated fatty acid, MUFA monounsaturated fatty acid * Values are significantly different (P \ 0.05) between corn oil and E 2 injection for diets containing the same amount of n-3 PUFA Values are significantly different (P \ 0.05) among 0, 1, and 2 % n-3 within the corn oil-and E 2 -injected groups
Values are significantly different (P \ 0.05) between 1 % and 2 % n-3 within the corn oil-and E 2 -injected groups
Results
Dietary intake, body weight, and organ weights
Regardless of n-3 PUFA supplementation, the rats injected with E 2 consumed less food (F 1,42 = 130.2, P \ 0.0001), had a lower final body weight (F 1,42 = 116.8, P \ 0.0001), and had less visceral fat (F 1,42 = 82.8, P \ 0.0001) ( Table 2 ). However, the uterus weights were heavier in rats injected with E 2 than in those injected with corn oil, regardless of n-3 PUFA supplementation (F 1,42 = 2123.5, P \ 0.0001). There were no significant differences in initial body weights or final weights of liver, skeletal muscle, or kidney.
Serum lipid profile and hepatic lipid contents
Supplementation with n-3 PUFA significantly decreased serum concentrations of TG (F 2,42 = 37.0, P \ 0.0001), TC (F 2,42 = 27.0, P \ 0.0001), and LDL cholesterol (F 2,42 = 37.5, P \ 0.0001) regardless of E 2 injection (Table 3 ). The hepatic contents of TG and TC were also decreased by n-3 PUFA supplementation with or without E 2 injection. Interestingly, there were dose-dependent effects of n-3 PUFA supplementation on serum concentrations of TG, TC, and LDL cholesterol as well as hepatic TG content. E 2 injections significantly decreased the serum concentration of TG (F 1,42 = 24.2, P \ 0.0001) and the hepatic contents of TG (F 1,42 = 211.3, P \ 0.0001) and TC (F 1,42 = 98.8, P \ 0.0001). The injections also increased serum HDL cholesterol concentrations (F 1,42 = 156.3, P \ 0.0001). However, there was no significant interaction between n-3 PUFA and E 2 injection on lipid profile or hepatic lipid contents (Table 3) .
Serum fatty acid composition
Supplementation with n-3 PUFA significantly decreased the serum level of 20:4n-6 (F 2,42 = 127.3, P \ 0.0001), 22:4n-6 (F 2,42 = 162.3, P \ 0.0001), and 22:5n-6 (F 2,42 = 364.1, P \ 0.0001), while it increased circulating concentrations of 20:5n-3 (F 2,42 = 177.3, P \ 0.0001) ( Table 4) Fig. 1 Effects of n-3 polyunsaturated fatty acid and 17b-estradiol-3-benzoate (E 2 ) on the expression of sterol regulatory element-binding protein 1 (SREBP1, a) , acetyl-CoA carboxylase 1 (ACC1, b), fatty acid synthase (FAS, c), and diacylglycerol acyltransferase 2 (DGAT2, d) in liver. Values are expressed as mean ± SEM (n = 8); 0, 1, and 2 % n-3, 0, 1, and 2 % EPA ? DHA diets with corn oil injection; 0, 1, and 2 % n-3 ? E 2 , 0, 1 and 2 % EPA ? DHA diets with E 2 injection. Asterisk values are significantly different (P \ 0.05) between corn oil and E 2 injection for diets containing the same amount of n-3 PUFA. Dagger values are significantly different (P \ 0.05) among 0, 1, and 2 % n-3 within the corn oil-and E 2 -injected groups. Double dagger values are significantly different (P \ 0.05) between 1 % and 2 % n-3 within the corn oil-or E 2 -injected groups injection significantly decreased the serum level of 14:0 (F 1,42 = 22.8, P \ 0.0001), 16:0 (F 1,42 = 36.5, P \ 0.0001), 16:1n-7 (F 1,42 = 26.5, P \ 0.0001), 18:1n-9 (F 1,42 = 14.3, P = 0.0005), and monounsaturated fatty acid (F 1,42 = 19.0, P \ 0.0001), while it increased the serum level of 18:0 (F 1,42 = 28.3, P \ 0.0001). Both n-3 PUFA supplementation and E 2 injection significantly increased serum levels of 22:5n-3 (F 2,42 = 100.5, P \ 0.0001 and F 1,42 = 5.31, P = 0.026, respectively), 22:6n-3 (F 2,42 = 597.5, P \ 0.0001 and F 1,42 = 42.5, P \ 0.0001, respectively), and total n-3 PUFA (F 2,42 = 616.6, P \ 0.0001 and F 1,42 = 8.0, P = 0.007, respectively). Accordingly, n-3 PUFA supplementation and E 2 injection both significantly decreased total n-6 PUFA (F 2,42 = 334.3, P \ 0.0001 and F 1,42 = 11.7, P = 0.0014). In addition, there were interactions between n-3 PUFA supplementation and E 2 injection on the serum level of 22:5n-6 (F 2,42 = 52.1, P \ 0.0001), 22:6n-3 (F 2,42 = 17.4, P \ 0.0001), and total n-3 PUFA (F 2,42 = 4.78, P = 0.0135). There were also dose-dependent effects of n-3 PUFA on the serum level of 20:4n-6, 20:5n-3, 22:5n-3, and 22:6n-3.
Protein expression in liver and muscle
Both n-3 PUFA supplementation and E 2 injection significantly decreased the hepatic expression of SREBP1 (F 2,42 = 53.0, P \ 0.0001 and F 1,42 = 64.7, P \ 0.0001, respectively), ACC1 (F 2,42 = 31.7, P \ 0.0001 and F 1,42 = 32.8, P \ 0.0001, respectively), FAS (F 2,42 = 66.4, P \ 0.0001 and F 1,42 = 337.4, P \ 0.0001, respectively), and DGAT2 (F 2,42 = 91.5, P \ 0.0001 and F 1,42 = 185.6, P \ 0.0001, respectively) (Fig. 1) . Dosedependent effects of n-3 PUFA were observed on the expression of SREBP1, FAS, and DGAT2 only in corn oilinjected rats. Additionally, there were interactions between n-3 PUFA and E 2 injection on FAS (F 2,42 = 12.2, P \ 0.0001) and DGAT2 (F 2,42 = 7.18, P = 0.0021).
Both n-3 PUFA supplementation and E 2 injection increased hepatic expression of p-AMPK (F 2,42 = 16.5, P \ 0.0001 and F 1,42 = 75.9, P \ 0.0001, respectively), AMPK (F 2,42 = 15.8, P \ 0.0001 and F 1,42 = 64.7, P \ 0.0001, respectively), PPARa (F 2,42 = 22.0, P = 0.0001 and F 1,42 = 18.0, P \ 0.0001, respectively), and CPT1a (F 2,42 = 8.43, P = 0.0008 and Fig. 2 Effects of n-3 polyunsaturated fatty acid and 17b-estradiol-3-benzoate (E 2 ) on the expressions of phosphorylated adenosine monophosphate-activated protein kinase (p-AMPK, a), AMPK (b), peroxisomal proliferator-activated receptor a (PPAR, c), and carnitine palmitoyltransferase 1a (CPT1a, d) in liver. Values are expressed as mean ± SEM (n = 8); 0, 1, and 2 % n-3, 0, 1, and 2 % EPA ? DHA diets with corn oil injection; 0, 1, and 2 % n-3 ? E 2 , 0, 1 and 2 % EPA ? DHA diets with E 2 injection. Asterisk values are significantly different (P \ 0.05) between corn oil and E 2 injection for diets containing the same amount of n-3 PUFA. Dagger values are significantly different (P \ 0.05) among 0, 1, and 2 % n-3 within the corn oil-and E 2 -injected groups. Double dagger values are significantly different (P \ 0.05) between 1 and 2 % n-3 within the corn oil-or E 2 -injected groups P \ 0.0001, respectively) (Fig. 2) . The effect of n-3 PUFA on the expression of PPARa was dose-dependent in both corn oil-and E 2 -injected rats.
Regardless of n-3 PUFA supplementation, the E 2 injection increased the hepatic expression of ERa (F 1,42 = 24.00, P \ 0.0001), ERb (F 1,42 = 34.5, P \ 0.0001), p-STAT3 (F 1,42 = 211.6, P \ 0.0001), and STAT3 (F 1,42 = 481.4, P \ 0.0001) (Fig. 3) . Similar to hepatic expression, both n-3 PUFA supplementation and E 2 injection increased muscle expression of p-AMPK (F 2,42 = 13.5, P \ 0.0001 and F 1,42 = 41.0, P \ 0.0001, respectively), AMPK (F 2,42 = 11.1, P = 0.0001 and F 1,42 = 53.8, P \ 0.0001, respectively), PPARa (F 2,42 = 20.8, P \ 0.0001 and F 1,42 = 31.1, P \ 0.0001, respectively), and CPT1m (F 2,42 = 17.7, P \ 0.0001 and F 1,42 = 22.3, P \ 0.0001, respectively) (Fig. 4) . E 2 injection increased muscle expression of ERa in both the cytosol and the nucleus (F 1,24 = 271.9, P \ 0.0001 and F 1,42 = 297.6, P \ 0.0001, respectively) and ERb (F 1,42 = 159.5, P \ 0.0001 and F 1,42 = 126.5, P \ 0.0001, respectively) (Fig. 5) . Also, in both the cytosol and the nucleus, n-3 PUFA supplementation increased the expression of ERa (F 2,42 = 19.6, P \ 0.0001 and F 2,42 = 11.49, P = 0.0001, respectively) and ERb (F 2,42 = 67.9, P \ 0.0001 and F 2,42 = 9.19, P = 0.0005, respectively) in muscle.
Discussion
This was the first study to report that n-3 PUFA supplementation and E 2 injection had a synergic effect on hypertriglyceridemia through modulating protein expression related to TG synthesis and b-oxidation in liver and skeletal muscle of OVX rats. Additionally, there were interactions between n-3 PUFA supplementation and E 2 injection on the hepatic expression of FAS and DGAT2.
Previous studies consistently observed that the supplementation of n-3 PUFA containing EPA and DHA significantly reduced blood concentrations of TG, TC, and LDL cholesterol in animals (Harris and Bulchandani 2006; Boschetti et al. 2013 ) and humans (Ras et al. 2014 ). The present study also showed that n-3 PUFA supplementation significantly and dose-dependently reduced serum and liver levels of lipids.
The hypotriglyceridemic effect of n-3 PUFA supplementation is apparently due to a decrease in hepatic expression of SREBP1 (Lu et al. 2011; Sekiya et al. 2003) , Fig. 3 Effects of 17b-estradiol-3-benzoate (E 2 ) on the expression of estrogen receptor a (ERa, a), ERb (b), phosphorylated signal transducers and activators of transcription 3 (p-STAT3, c), and STAT3 (d) in liver. Values are expressed as mean ± SEM (n = 8); 0, 1, and 2 % n-3, 0, 1, and 2 % EPA ? DHA diets with corn oil injection; 0, 1, and 2 % n-3 ? E 2 , 0, 1, and 2 % EPA ? DHA diets with E 2 injection. Asterisk Values are significantly different (P \ 0.05) between corn oil and E 2 injection for diets containing the same amount of n-3 PUFA ACC1 (Zhang et al. 2014) , and FAS (Lu et al. 2011; Zhang et al. 2014 ) in the rodent model, which was also observed in the present study. A systematic review reported that n-3 PUFA supplementation also decreases activity of DGAT, the final step in TG synthesis in the liver (Harris and Bulchandani 2006) . Consistently, the present study also showed that hepatic expression of DGAT2 decreased dosedependently with n-3 PUFA supplementation.
In addition to TG synthesis, it has been suggested that the hypotriglyceridemic effect of n-3 PUFA supplementation is due to increased b-oxidation in liver and skeletal muscle (Ukropec et al. 2003) . Indeed, n-3 PUFA supplementation has been shown to increase expression of PPARa, p-AMPK, and CPT1 in liver or/and skeletal muscle of rats (Gonzalez-Manan et al. 2012; Motawi et al. 2009 ). In line with these results, the present study showed that n-3 PUFA supplementation up-regulated the expression of PPARa, CPT1, p-AMPK, and AMPK in liver and/ or skeletal muscle of OVX rats.
Previous studies have reported that E 2 directly downregulates SREBP1 (D'Eon et al. 2005; Paquette et al. 2008) and its downstream targets ACC1 and FAS (D'Eon et al. 2005) in the liver of OVX rats, suggesting that E 2 also reduces hepatic synthesis of fatty acids. Although Zhu et al. (2013) reported that hepatic DGAT2 expression did not change in OVX rats with or without E 2 injection, they reported that E 2 injection inhibited hepatic accumulation of diacylglycerol. In the present study, E 2 injection significantly reduced the hepatic expression of DGAT2, suggesting that E 2 decreased not only fatty acid synthesis but also TG synthesis. Consistent with our findings, previous studies have shown that E 2 decreased hepatic TG deposition and, in turn, reduced serum levels of TG (Zhu et al. 2013; Zoth et al. 2010) . Additionally, decreased fat mass by E 2 in the present study could be related to adipocyte lipoprotein lipase since Mayes and Watson (2004) reported that E 2 decreased fatty acid uptake and accumulation by reducing adipocyte lipoprotein lipase activity.
Herein, E 2 injection stimulated b-oxidation and therefore reduced the availability of substrate for TG synthesis. Consistent with this result, previous studies showed that E 2 injection increased the expression of PPARa, AMPK, and CPT1 in liver and/or skeletal muscle (D'Eon et al. 2005; Paquette et al. 2008; Kim et al. 2010) .
It has been shown that E 2 exerts its physiological effects via the two nuclear receptors ERa and ERb (Dahlman- Fig. 4 Effects of n-3 polyunsaturated fatty acid and 17b-estradiol-3-benzoate (E 2 ) on the expressions of phosphorylated adenosine monophosphate-activated protein kinase (p-AMPK, a), AMPK (b), peroxisomal proliferator-activated receptor a (PPARa, c), and carnitine palmitoyltransferase 1m (CPT1m, d) in skeletal muscle. Values are expressed as mean ± SEM (n = 8); 0, 1, and 2 % n-3, 0, 1, and 2 % EPA ? DHA diets with corn oil injection; 0, 1, and 2 % n-3 ? E 2 , 0, 1, and 2 % EPA ? DHA diets with E 2 injection. Asterisk values are significantly different (P \ 0.05) between corn oil and E 2 injection for diets containing the same amount of n-3 PUFA. Dagger values are significantly different (P \ 0.05) among 0, 1, and 2 % n-3 within the corn oil-or E 2 -injected groups . In the present study, E 2 injection increased expression of ERa and ERb both in liver and skeletal muscle. Interestingly, for the first time, the present study reports that n-3 PUFA supplementation also increased the expression of these receptors, but in skeletal muscle only, but not in liver. ER expression has been suggested to be tissue specific. For example, in one study, ER expression was highly sensitive to sexual steroids in muscle, but not in liver (Pfaffl et al. 2001 ). The present study also showed that ERa and ERb were present in both nuclear and cytosolic compartments, but, in skeletal muscle, localization was preferential to the cytosol, which includes the cellular membrane. Therefore, the effect of n-3 PUFAs on ERs could be indirect, because n-3 PUFA can incorporate into the cell membrane and affect membrane fluidity and permeability (Senkal et al. 2007; Armstrong et al. 2003) .
The present study suggests that the hypotriglyceridemic effects of n-3 PUFA supplementation and E 2 injection were synergistic. Both n-3 PUFA supplementation and E 2 injection suppressed TG synthesis and accelerated b-oxidation through a similar pathway, and thus, the combination of both treatments had further effects on TG metabolism.
In addition, the present study showed that there is an interaction between n-3 PUFA supplementation and E 2 injection on the hepatic expression of FAS and DGAT2. A previous study reported that the binding of E 2 to the ER induces phosphorylation of signal transducer and activator of transcription 3 (STAT3), which reduces FAS expression in liver (Gao et al. 2006; Tiano et al. 2011) . STAT3 has been shown to decrease TG synthesis, which is independent of the fatty acid synthesis pathway through SREBP1 (Kinoshita et al. 2008 ). The present study suggests that the interaction between n-3 PUFA supplementation and E 2 injection on the expression of FAS might stem from E 2 -induced expression of STAT3, but not from effects induced by n-3 PUFA. In addition, the interaction between n-3 PUFA and E 2 may have arisen from effects on DGAT2, which is a downstream target of FAS.
In line with published literature, the present study showed that n-3 PUFA supplementation dose-dependently increased serum levels of n-3 PUFA, but decreased n-6 levels. E 2 is known to activate the conversion of a-linolenic Fig. 5 Effects of n-3 polyunsaturated fatty acid and 17b-estradiol-3-benzoate (E 2 ) on the expressions of estrogen receptor (ER) in skeletal muscle. Cytosol fraction of ERa (a) and ERb (b) and nuclear fraction of ERa (c) and ERb (d). Values are expressed as mean ± SEM (n = 8); 0, 1, and 2 % n-3, 0, 1, and 2 % EPA ? DHA diets with corn oil injection; 0, 1, and 2 % n-3 ? E 2 , 0, 1, and 2 % EPA ? DHA diets with E 2 injection. Asterisk values are significantly different (P \ 0.05) between corn oil and E 2 injection for diets containing the same amount of n-3 PUFA. Dagger values are significantly different (P \ 0.05) among 0, 1, and 2 % n-3 within the corn oil-or E 2 -injected groups acid to a longer chain n-3 PUFAs by stimulating desaturation, elongation, and b-oxidation (Burdge and Calder 2005; Extier et al. 2010) . Indeed, the present study showed a synergic effect of n-3 PUFA supplementation and E 2 injection on serum concentrations of 22:5, n-6; 22:5, n-3; and 22:6, n-3. Additionally, serum levels of 14:0; 16:0; and 18:1, n-9 were lower, but levels of 18:0 were higher in E 2 -injected rats in the present study, which was likely due to activation of elongase 6 and inactivation of stearoyl-CoA desaturase by E 2 (Marks et al. 2013 ).
The present study demonstrated that n-3 PUFA supplementation and E 2 injection had a synergic effect on hypotriglyceridemia through both suppressing fatty acid and TG synthesis and accelerating b-oxidation in OVX rat. Further studies are needed to clarify the mechanism by which n-3 PUFA supplementation increases the expression of ERs in skeletal muscle.
